How can we observe the underwater feeding behavior of endotherms?  by Naito, Yasuhiko
Available online at www.sciencedirect.comPolar Science 1 (2007) 101e111
http://ees.elsevier.com/polar/How can we observe the underwater feeding
behavior of endotherms?
Yasuhiko Naito a,b,*
a National Institute of Polar Research, 1-9-10 Kaga, Itabashi-ku, Tokyo 173-8515, Japan
b Bio-logging Institute, 2-31-10-301 Yushima, Bunkyo-ku, Tokyo 113-0034, Japan
Received 23 July 2007; revised 9 October 2007; accepted 18 October 2007
Available online 3 December 2007AbstractMarine mammals and marine birds perform diving to forage underwater. Recent technological advances have led to rapid prog-
ress in our understanding of diving behavior, but additional research is required into feeding behavior to determine the timing of
prey ingestion, prey mass, and prey type. To achieve a comprehensive understanding of the foraging and diving behavior of these
endotherms, it is essential to integrate information on feeding behavior with other data. The challenges involved in developing an
appropriate research method have been addressed, and several methods have been tested and used in the field, including the stomach
temperature method, the esophagus method for marine birds, the stomach temperature telemeter method for seals, and the beak
magnet sensor method. In the present study, I review these methods, suggest the necessity of their further development in field stud-
ies, and propose a new practical method that involves the measurement of jaw movements underwater as an indicator of the feeding
behavior of seals.
 2007 Elsevier B.V. and NIPR.
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It is obvious that marine mammals and marine birds
cannot survive without successful foraging. It is also
clear that we cannot understand how these animals sur-
vive and how populations are maintained without suc-
cessful observations of underwater foraging behavior.
Despite the apparent importance of these animals
within marine ecosystems in terms of biomass and their
worldwide distribution, studies of their foraging behav-
ior are rarely attempted for the simple reason that the* Corresponding author. Bio-logging Institute, 2-31-10 Rex Yush-
ima 301, Bunkyo-ku, Tokyo 113-0034, Japan. Tel.:þ81 3 3818 2989.
E-mail address: bls@saturn.dti.ne.jp
1873-9652/$ - see front matter  2007 Elsevier B.V. and NIPR.
doi:10.1016/j.polar.2007.10.001observation of underwater behavior is difficult without
appropriate tools.
Several decades ago, the tools required to study un-
derwater foraging behavior were limited in their capa-
bilities, and researchers were obliged to depend upon
information obtained from direct observations at the
sea surface and fecal samples and stomach samples ob-
tained from dead animals or commercial harvests; how-
ever, these approaches provide insufficient information
in terms of understanding underwater feeding behavior.
Thus, it became of great importance to develop tools
that enable direct observations of feeding behavior.
Advances in the miniaturization of Time Depth Re-
corder (TDR) brought about revolutionary research
gains, as the employed methods were highly practical
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Fig. 1. The dive profiles of marine mammals and marine birds show
many variations; however, it is possible to identify three basic dive
types. The dive types a, b, and c represent foraging dives, foraging
or resting dives, and translocation dives, respectively.
102 Y. Naito / Polar Science 1 (2007) 101e111for use in the field (Fig. 1; see Bengtson, 1993; Kooy-
man, 1989; Naito, 2004). The use of advanced tools
and techniques meant that researchers succeeded in re-
cording the dive depth, duration, and dive profiles of
many species.
Le Boeuf et al. (1988) identified several types of dive
profiles for northern elephant seals (Mirounga angustir-
ostris) (Fig. 1), and many researchers found that the
dive type with bottom time, being composed of descent,
ascent, and bottom phases, is most common for marine
mammals and birds. The descent and ascent phases
show straight travel paths, although the angle of de-
scent/ascent is variable.
Although obtained bottom profiles are generally rel-
atively variable, they commonly show apparent undula-
tions (vertical oscillations), being variable in the
number and magnitude of changes in depth. Bottom
profiles sometimes show a flat base, suggesting that
the animals dived to and remained at the seabed, per-
haps moving along the seabed (northern elephant seal,
see Le Boeuf et al., 1988; chinstrap penguin (Pygoscelis
antarctica), see Takahashi et al., 2003).
The undulations observed in the bottom phase are
considered to represent the search for prey and feeding
behavior (Chappell et al., 1993; Kirkwood and Robert-
son, 1997; Le Boeuf et al., 2000). The analysis of dive
profiles for different species provides a broad overview
of foraging behavior, particularly in terms of the depths
at which the animals search and feed upon prey; how-
ever, dive profiles do not provide direct evidence of
feeding behavior.
Following the TDR technique, a range of animal-
borne ‘‘bio-logging’’ systems has been developed to ob-
tain additional information on foraging behavior, and
some have been successful in providing information
that supports the bottom-feeding hypothesis. An im-
portant advance was made with the development ofacceleration data loggers and image data loggers, which
record body movements in terms of the directions of
surge, sway, and heave during dives and the distribution
of prey along the dive path, respectively.
Sato et al. (2004) attached acceleration data loggers
to macaroni penguins (Eudyptes chrysolophus) and
found that the penguins use different dive angles for di-
ves with and without bottom profiles. This suggests that
the penguins modulate their dive angles when a patch of
prey is encountered, selecting steep dive angles to max-
imize their bottom time when prey is located and shal-
low angles to increase the horizontal distance covered
for translocation in locating the next prey patch. Al-
though this finding may provide support for the bot-
tom-feeding hypothesis, it remains an indirect
observation. In a related study, Watanabe et al. (2003)
used an animal-borne still camera system on Weddell
seals (Leptonychotes weddellii), and found a distinct in-
crease in the rate at which prey appeared during the bot-
tom phases of dives.
Given sufficient information on feeding behavior, it
would be possible to obtain valuable information in
the following areas: (1) an evidence-based understand-
ing of dive profiles; (2) an understanding of foraging
strategy with regard to feeding efficiency and effort;
(3) energy budget; (4) the distribution of prey within
the ocean environment; and (5) the comprehensive un-
derstanding, based on integrated information provided
by complementary studies, required to locate move-
ments and distribution using a satellite tracking system
or GPS positioning system, as shown by Catry et al.
(2004) and studies that employed a 3-dimensional
data logger system (for reconstruction of the dive path
in terms of swim speed, 3-axis field magnet strength,
and acceleration) and image data loggers to determine
the identity and distribution of prey (Davis et al.,
1999; Le Boeuf et al., 2000; Mitani et al., 2003; Wata-
nabe et al., 2003; Weimerskirch et al., 1993).
Many advanced technologies have been introduced
to understand the ecology, behavior, and physiology
of diving endotherms, leading to a marked increase in
the amount of information available in this field; how-
ever, feeding behavior remains a difficult subject to
study. With the aim of promoting the study of feeding
behavior, I herein review existing research methods
and propose a new possible approach.
2. Stomach temperature method for studies of
marine birds
In obtaining a comprehensive understanding of un-
derwater foraging behavior, significant information
103Y. Naito / Polar Science 1 (2007) 101e111can be gained from (1) the timing of prey ingestion, (2)
the mass of prey ingested, and (3) the type of prey. Al-
though stomach lavage techniques and the assessment
of stomach contents provide information regarding
points (2) and (3) (Wilson et al., 1992), such informa-
tion is usually limited to obtaining an overview of for-
aging ecology unless the timing of ingestion is known.
Over the past two decades, several trials have been
undertaken with the aim of obtaining information on
the timing of ingestion and the mass of ingested prey.
At the 1988 meeting of the SCAR Group of Specialists
on Seals, a new method was reported for determining
the prey ingested by seals: a gastro-thermo recorder sys-
tem (see Bengtson, 1993; Fig. 2). The method makes
use of the temperature difference between the prey (ec-
totherm) and stomach temperature of the predator (en-
dotherm) to determine the timing of prey intake
(indicated by a drop in stomach temperature) and the
amount of prey ingested (indicated by the integral of
temperature recovery); however, the method involves
three potential problems: (1) how to obtain reliable tem-
perature data from a mass of prey that is gradually accu-
mulated in the stomach (temperature accuracy
problem); (2) how to retain the recorder in the seal
stomach for the duration required to record stomachTime of prey ingestion Time of temperaturerecovery
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Fig. 2. The stomach temperature method was tested in a harbor seal
at Kamogawa Sea World in 1986 using a miniaturized mechanical
gastro-temperature recorder and a cow sucker. A rapid decrease in
temperature and gradual recovery was observed immediately after
cold fish were ingested by the seal. While the method is available
for use in principle, problems with retention and recovery remain
to be solved (upper). Temperatureetime plot of precipitous drop
and exponential rise (PDER) in stomach temperature (after Wilson
et al., 1992 and Gre´millet and Plo¨s, 1994). The integral from the start
of feeding to Ts (time at which the temperature is fully recovered) in-
dicates the mass of ingested prey (lower).temperature (retention problem); and (3) how to recover
the recorder from the stomach once recordings have
been made (recovery problem). These problems have
yet to be completely resolved in seal studies (Horsburgh
et al., 2007; Kuhn and Costa, 2006).
Wilson et al. (1992) first used this new method in
a field experiment designed to examine the details of
the above limitations in laboratory experiments using
captured birds. The authors used six EATL devices
(Einkanalige Automatische Temperatur Logger; 90 or
100 mm in length, 25 mm in diameter) for wild wander-
ing albatrosses (Diomedea exulans), and succeeded in
obtaining a total of 132.3 h of stomach temperature
data comprising 32.9 h of data when the birds were on
the nest site and 99.4 h when the birds were at sea.
This followed several test experiments on captive Afri-
can penguins (Spheniscus demerusus) and balloons in
a water bath in the laboratory.
Wilson et al. (1992) identified two types of tempera-
ture changes in the stomachs of wandering albatrosses:
(1) precipitous drops followed by exponential rises
(PDER; change in temperature of >0.3 C between ad-
jacent readings at 32 s intervals), and (2) short-term
temperature changes (STTC; change in temperature of
<0.1 C between adjacent readings). Based on the re-
markable similarities between the PDERs of wondering
albatross and African penguins, the authors interpreted
PDERs to represent feeding events, whether the inges-
tion of prey or water. The authors also sought to estimate
the mass of ingested prey using a model of the heat flux
from the stomach to the prey. The model was based on
the heat capacity of the prey and the difference between
the initial and final temperatures recorded in the stom-
ach, where the temperature increased exponentially
with increasing mass of ingested prey (Fig. 2).
Wilson et al. (1992) proposed the following formula
for calculating the mass of ingested prey:
M ðgÞ ¼ Int=½m SH ðTS  TÞ
where Int isC  s, m is a constant, SH is the specific
heat capacity (J C1 g1), Ts is the recovered stomach
temperature following the cooling that accompanied in-
gestion of the prey, and T is the prey temperature
(Fig. 2). The authors calibrated the equation using the
known mass and temperature of prey ingested by cap-
tive African penguins, and concluded that the method
was suitable for obtaining estimates of prey mass. Sub-
sequently, the stomach temperature method has been
used in a number of studies to further test its utility
and investigate the foraging behavior of marine birds
(Table 1; Gre´millet and Plo¨s, 1994; Kato et al., 1996;
Table 1
List of previous experiments conducted to determine the nature of feeding events in marine birds and mammals
Reference Species Method Device size
Birds
Wilson et al. (1992) African penguin (captive) Stomach temp. (EATL-single sensor) Logger: 25 mm (diameter)  90-100 mm (length)
Wandering albatross (wild)
Weimerskirch and
Wilson (1992)
Wandering albatross (wild) Stomach temp. (EATL-single sensor) Logger: 22 mm (diameter)  101 mm (length)
Pu¨tz and Bost (1994) King cormorant (wild) Stomach temp. (EATL-single sensor) Logger: 23 mm (diameter)  100 mm (length)
Gre´millet and Plo¨s (1994) Great cormorant (captive) Stomach temp. (EATL-single sensor) Logger: 23 mm (diameter)  100 mm (length)
Bank cormorant (wild) Stomach temp. (SICUP-single sensor) Logger: 12 mm (diameter)  72 mm (length)
Wilson et al. (1995) Emperor penguin (captive) Stomach temp. (EATL-single sensor) Logger: 23 mm (diameter)  100 mm (length)
King penguin
(wild and captive)
Stomach temp. (SICUP-single sensor) Logger: 12 mm (diameter)  69 mm (length)
Humboldt penguin (captive) Stomach temp. (SICUP-single sensor) Logger: 19 mm (diameter)  95 mm (length)
African penguin
(wild and captive)
Magellanic penguin
(wild and captive)
Ad _elie penguin (wild)
Macaroni penguin (captive)
Chinstrap penguin (wild)
Rockhopper penguin (captive)
Wandering albatross
(wild and captive)
Great cormorant (captive)
Bank cormorant (wild)
Cape cormorant (wild)
Cape gannet (wild)
Wilson and
Gre´millet (1996)
African penguin (wild) Stomach temp. (EATL-single sensor) Logger: 21 mm (diameter)  93 mm (length)
Bank cormorant (wild) Logger: 17 mm (diameter)  72 mm (length)
Kato et al. (1996) King cormorant (wild) Stomach temp. (STL-double sensors) Logger: 19 mm (diameter)  90 mm (length)
Ancel et al. (1997) Brandt’s cormorant (captive) Esophagus temp. (sensor and transmitter) Transmitter: 20 mm (diameter)  45 mm (length)
Esophagus temp. (sensor-cable to recorder) Sensor: 2.5  5.0 mm (pear-shaped)
Charrassin et al. (2001) King penguin (wild) Esophagus temp. (sensor-cable to recorder) Sensor: 5  3 mm
Wilson et al. (2003) Humboldt penguin (captive) Mandibular movements (IMASEN) Hall sensor: 2.5 mm (diameter)  0.8 mm
Magellanic penguin (wild)
Simeone and Wilson (2003) Magellanic penguin (wild) Mandibular movements (IMASEN) Hall sensor: 2.5 mm (diameter)  0.8 mm
Takahashi et al. (2004) Chinstrap penguin (wild) Mandibular movements (IMASEN) Hall sensor: 2.5 mm (diameter)  0.8 mm
Magellanic penguin (wild)
Catry et al. (2004) Grey-headed albatross (wild) Stomach temp. Logger: 19 mm (diameter)  99 mm (length)
Bost et al. (2007) King penguin (wild) Esophagus temp. (sensor-cable to recorder) Sensor: 5  3 mm
Ad _elie penguin (wild) Mandibular movements (IMASEN) Hall sensor: 2.5 mm (diameter)  0.8 mm
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105Y. Naito / Polar Science 1 (2007) 101e111Pu¨tz and Bost, 1994; Weimerskirch and Wilson, 1992;
Wilson et al., 1992, 1995).
Although Wilson et al. (1992) attested to the utility
of this method, they also identified a number of prob-
lems, including the fact that the size of the EATL device
affects the accuracy of mass estimates and leads to re-
tention problems (67% of the introduced EATLs were
regurgitated as indigestible fragments of prey).
In a study using captive great cormorants (Phalacro-
corax carbo) and free-ranging bank cormorants (P. ne-
glectus), Gre´millet and Plo¨s (1994) compared the
accuracy of estimates of prey mass obtained using
EATL and a smaller logger, SICUP (single-channel
unit processor; 72 mm in length, 12 mm in diameter).
The authors revised the method, citing the need to cor-
rect irregularities in the calculated magnitude of the
precipitous drop by accounting for the heat capacity
of the logger in the mass-calculation formula originally
proposed by Wilson et al. (1992).
In further evaluations of the stomach temperature
method, Gre´millet and Plo¨s (1994) and Wilson et al.
(1995) noted the following factors that led to problems
with the accuracy of estimates of prey ingestion: (1) the
size of the stomach temperature logger, (2) the position
of the logger in the stomach, (3) the degree of prey ac-
cumulation in the stomach, (4) the degree of stomach
churning, (5) the activity level of the bird (especially
diving activity, which leads to a drop in temperature),
and (6) the body mass of the bird. In examining the
cause of unstable stomach temperatures, Wilson and
Gre´millet (1996) reported that changes in stomach tem-
perature are both environmental and activity-based,
serving to conserve energy.
In a study of king cormorants (Phalacrocorax al-
biventer) using a stomach temperature logger equipped
with two temperature sensors on the top and bottom of
a cylindrical logger (STL; 90 mm in length,19 mm in
diameter), Kato et al. (1996) reported irregularities in
measurements of stomach temperature. The authors
suggested that (1) stomach temperature is not uniform,
being higher at the top of the stomach than at the bot-
tom, although this pattern is reversed during PDER
events; (2) the top sensor was more sensitive to ingested
prey; and (3) small temperature drops were difficult to
separate from reductions in core body temperature asso-
ciated with diving (physiological diving response;
Fig. 3).
To avoid these irregularities in measurements of
stomach temperature, Ancel et al. (1997) placed the
sensor in the esophagus, comparing the accuracy of sen-
sors placed in the esophagus and stomach of captive
Brandt’s cormorants (Phalacrocorax penicillatus).
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Fig. 3. Two sensors located at the top and bottom of the logger record different temperatures, suggesting that the upper part of the stomach is
normally warmer than the lower part, although the reverse is observed during PDER. The top sensor is more sensitive than the lower, with
the lower showing reduced sensitivity when prey is accumulated in the stomach. The core body temperature fluctuated in accordance with the
timing of dives (physiological dive response; modified from Kato et al., 1996).
Table 2
The habit of regurgitation led to a reduced recovery rate of stomach-
temperature loggers
Species Logger
type
Recovery
rate
References
Wandering
albatross
EATL 2/6 Wilson et al. (1992)
Wandering
albatross
EATL 3/5 Weimerskirch and
Wilson (1992)
King penguin EATL 16/33 Pu¨tz and Bost (1994)
Bank cormorant SICUP 12/19 Gre´millet and Plo¨s (1994)
King cormorant STL 3/5 Kato et al. (1996)
King penguin OTL 4/7 Charrassin et al. (2001)
In six studies of free-ranging seabirds, recovery rates were between
33% and 63%.
106 Y. Naito / Polar Science 1 (2007) 101e111Two types of recorder system were employed in the ex-
periment: a radio transmitting system (temperature-
sensing radio transmitter pill) and an ordinal data logger
system with remote sensors connected by cable. The ca-
ble sensor was lodged in the esophagus, connected to
the heavier pill in the stomach by a silk thread, while
the cable was fixed to the corner of the beak. The au-
thors obtained superior detection of small prey from
the esophageal sensor, thereby indicating that the
esophagus may be a suitable location in which to quan-
tify food intake, in terms of both the number of items
and the mass ingested.
Following the work of Ancel et al. (1997), Charras-
sin et al. (2001) used an esophagus temperature sensor
in a study of captive and free-ranging king penguin (Ap-
tenodytes patagonicus). In a field experiment, the au-
thors located five thermistors from the esophagus to
the stomach, with all except the thermistor in the stom-
ach being connected to a data logger glued on the back
via a cable laid under the skin. The sensor in the upper
esophagus showed a higher sensitivity to the ingestion
of small prey than the sensors in the lower esophagus
and stomach, even when the core body temperature de-
creased during intensive deep diving (Handich et al.,
1997).
As stated above, despite the efforts of intensive
studies to improve the accuracy of estimates of prey
ingestion by marine birds in terms of timing and prey
mass, the regurgitation habit of birds means that prob-
lems remain in terms of logger retention and recovery
(Table 2). Marine birds regurgitate the stomach temper-
ature loggers as pellet (indigestible fragments of prey;
Wilson et al., 1992), thereby making it difficult for
the researchers to recover the loggers and adding tothe costs of field studies (Ancel et al., 1997). The esoph-
agus sensor technique led to improved accuracy; how-
ever, it raised the question of how to fix the sensor in
the esophageal cavity without the need for surgery,
which makes the method impractical in field studies.
The advances achieved by a number of rigorous stud-
ies into the feeding behavior of marine birds have added
significantly to the existing body of knowledge (Ancel
et al., 1997; Charrassin et al., 2001; Gre´millet and
Plo¨s, 1994; Kato et al., 1996; Pu¨tz and Bost, 1994; Wei-
merskirch andWilson, 1992); however, it is unfortunate
that the stomach temperature loggers have yet to be
used in combination with other tools to understand for-
aging strategy during diving. Consequently, we are cur-
rently unable to confirm the assumption that
undulations in dive profiles indicate feeding behavior,
although it must be acknowledged that the deployment
technique that measures esophagus temperature re-
mains in its infancy.
107Y. Naito / Polar Science 1 (2007) 101e111Ropert-Coudert et al. (2001) used this method, to-
gether with a swim-speed depth logger, to investigate
the unique foraging strategies of Ade´lie penguin (Pygo-
scelis adeliae). Based on the fact that most feeding
events occur at the bottom and on the ascent phase of
the dive profile and that in 60% of feeding events the
body axis of the bird is directed upward, the authors
suggested that undulations in the penguin’s profiles rep-
resent feeding behavior. They also documented the fact
that the penguins employ the silhouette effect (Firstrup
and Harbison, 2002) in capturing mesopelagic prey
such as krill (Fig. 4).
Bost et al. (2007) examined the relationship between
feeding events detected by esophagus temperature log-
gers and number of undulations in the dive profiles, and
found a stronger correlation in king penguins than Ade´-
lie penguins. Their analysis indicated that differences
between the two species were due to prey type. King
penguins forage for larger fish-type prey, whereas Ade´-
lie penguins feed on krill in swarms and gather krill in
the mouth before swallowing, thereby limiting the100
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phase of the dive profile (upper right). The authors also documented the rela
events per dive, percentage of feeding dives, and the number of dives (botaccuracy of the esophagus logger and obscuring the re-
lationship between feeding events and the number of
undulations in the dive profile.
3. Stomach-temperature telemeter method
for studies of seals
Attempts to determine the prey mass and timing of
ingestion of seals have been made using the stomach
temperature method for captive harp seals (Phoca
groenlandica; Gales and Renouf, 1993; Hedd et al.,
1996), captive harbor seals (P. vitulina; Bekkby and
Bjorge, 1998; Hedd et al., 1995, 1996), captive Steller
sea lions (Eumetopias jubatus; Andrews, 1998), grey
seals (Halicoerus grypus; Austin et al., 2006), northern
elephant seals (Kuhn and Costa, 2006), California sea
lions (Zalophus californianus; Kuhn and Costa, 2006),
and southern elephant seals (Mirounga leonina; Hors-
burgh et al., 2007).
These investigations focused on estimating the mass
of ingested prey, as with the studies of marine birds. TheTime (hh:mm:ss)
08:42:00 08:43:00
70 9080 100
easured using an esophagus sensor occurred mainly during the bottom
tions between dive depth and the following factors: number of feeding
tom left; modified from Ropert-Coudert et al., 2001).
108 Y. Naito / Polar Science 1 (2007) 101e111studies using seals also faced technical difficulties, as is
usual for new and leading-edge research. Two main
problems were identified: (1) how to extend the reten-
tion time of the temperature sensor in the stomach,
and (2) how to recover data from the stomach. In apply-
ing the method to seals, researchers made a number of
changes to the technique used for marine birds: (1)
a stomach temperature transmitter (STT) was used to
transmit temperature data to a radio-receiver-equipped
logger placed on the seal’s back (Gales and Renouf,
1993), and (2) the STTwas assembled in an oval shape
to enable an increase in size (15  12  2 cm; Austin
et al., 2006).
In studies of marine birds, regurgitation of the log-
gers resulted in a reduced recovery rate, thereby pre-
venting the method from gaining widespread use in
foraging studies. In contrast, seals do not usually regur-
gitate the instrument when placed in the stomach, al-
though this retention of the instrument complicates
recovery. With the aim of recovering a gastro-tempera-
ture logger (80 mm in length, 25 mm in diameter) from
a captive harbor seal, an attempt was made to use a mag-
netic cow sucker originally developed to remove acci-
dentally ingested wires from cows (see Bengtson,
1993); however, this method was limited to an experi-
ment lasting several hours, as the small logger did not
stay in the stomach for long.
Thus, the size of the instrument is an important fac-
tor in determining the retention time and recovery rate
of the instrument, unless data is transmitted by radio te-
lemetry. Data transmission provides two other advan-
tages: (1) avoiding the need to recapture animals,
which is difficult in the case of free-ranging seals (Gales
and Renouf, 1993); and (2) reduced handling distur-
bance in recovering the instrument. For these reasons,
the STT is commonly used in studies of seal feeding.
To extend the retention time, Austin et al. (2006) re-
vised the STT approach by using biodegradable etha-
foam for 21 grey seals, achieving 2e40 days of
retention. Such an approach has also been used success-
fully in detecting feeding events in free-ranging seals
(grey seal, Steller sea lion, California sea lion, and
northern elephant seal).
Austin et al. (2006) reported that use of the devices
had little adverse effect on diving behavior and body
mass on arrival at the breeding colony of adult grey
seals; however, Kuhn and Costa (2006) reported that lit-
tle effort has been made to validate the method, and that
difficulty exists in distinguishing between the intake of
prey and water. The authors also indicated that the
method is useful only in comparing feeding behavior
rather than calculating the exact mass consumed, andthat the method requires further consideration in terms
of countering the effect of the STT, which remains in
the stomach for a long period.
Horsburgh et al. (2007) chose not to employ a large
STT for use in the stomachs of seals; instead, they used
a small STT (see Table 1) that was retained in a southern
elephant seal for 4.2 days. Based on short-term STT
data and long-term swim-velocity data, the authors con-
structed a model (Prey Encounter Index: PEI) with the
aim of estimating feeding activity during foraging trips.
The authors reported that the model, based on a velocity
spike of >0.4 m s1 per interval (data sampling), cor-
rectly identified 89% of feeding events.
4. Mandibular movement method using
a magnet sensor
Studies of the feeding behavior of marine birds un-
dertaken during the 1990s made use of either the stom-
ach temperature method or the esophagus method, both
of which were limited by problems associated with ac-
curacy and their practical application in the field. Wil-
son et al. (2003) developed a new instrument that
measures beak-opening activity. The authors used
a Hall sensor attached to one mandible and a magnet at-
tached to the other. In this system, variations in voltage
are proportional to changes in the magnet field strength,
thereby providing an indication of the beak-opening an-
gle. The authors developed an intra-mandibular angle
sensor (IMASEN) to identify different types of beak-
opening behavior rather than simply measuring feeding
underwater. In studies of captive Ade´lie penguins and
gentoo penguins, five primary behaviors were identi-
fied: ingestion, breathing, calling, head shaking, and
preening.
Simeone and Wilson (2003) used IMASEN and con-
ventional TDR on Magellanic penguins (Spheniscus
magellanicus) to identify the depth of foraging in rela-
tion to undulations in the dive profiles, and reported
that IMASEN can be used to determine the relation be-
tween feeding and the recorded undulations; further-
more, given the mean mass of prey, the method can
be used to determine the total prey mass.
Given that the deployment technique of IMASEN
and the positioning of a data logger on the back have al-
ready been developed, the simplicity of IMASEN com-
pared with the stomach temperature method makes it
a useful tool in foraging studies of marine birds. Follow-
ing Wilson et al. (2003) and Simeone and Wilson
(2003), Takahashi et al. (2004) used IMASEN on eight
chinstrap penguins and three Magellanic penguins,
successfully obtaining data from one of the chinstrap
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Fig. 5. Use of intra-mandibular angle sensors (IMASEN) and conventional TDR reveal the details of underwater feeding behavior, showing a clear
relation between beak movement and undulation movement. The data also show breathing frequency at the surface (modified from Takahashi
et al., 2004).
109Y. Naito / Polar Science 1 (2007) 101e111penguins and all three Magellanic penguins (Fig. 5).
Once the IMASEN deployment technique has been re-
vised and the method integrated with other advanced
components such as a GPS logger and acceleration log-
ger, IMASEN will represent a promising method of
gaining insight into the comprehensive behavior of un-
derwater foraging.
While advances have been made in terms of the
methods employed to study marine birds, including sev-
eral techniques applied in field studies, practical study
methods for seals remain limited. The major problems
associated with the STT method for seals are: (1)
achieving long-term retention of large STT devices in
the stomach, and (2) the large size of the radio re-
ceiver-equipped logger. The long-term effect of these
instruments on stomach activity and diving behavior
has yet to be examined.
Austin et al. (2006) found no adverse effects in
a study of grey seals; however, no information is avail-
able from other species. It is especially important to de-
termine the effect of the instrument on feeding rate, as
this may influence the accuracy of data regarding prey
mass and the timing of prey ingestion.
5. Mandibular movement method using an
accelerometer
The development of an alternative method for study-
ing feeding behavior is required to improve the practical
application of the monitoring instrument in field studies
of seals and birds. A new method proposed herein is
the use of an accelerometer deployed on the lowermandible of seals, thereby detecting feeding behavior
on the assumption that seals only open their mouths
when capturing prey. Such an approach would enable
the measurement of three movements: (1) a mouth-
opening movement, (2) a head movement in the same
direction as the mandibular, and (3) combined mandib-
ular and head movement. To extract feeding data from
false data (i.e., discriminate (1) from (2) and (3)), it is
necessary to attach a second accelerometer to the
head of the animal. The difference between the mandib-
ular and head accelerometers would then indicate the
true mandibular movement, i.e., a feeding event.
While the simultaneous use of accelerometers on the
mandibular and head may increase the measurement ac-
curacy of mandibular movement, it also has a negative
effect on the practicability of the method; however, it is
not necessary to use two accelerometers if the following
two assumptions are made: (1) seals open their mouths
at a faster speed than they shake their heads or use a suc-
tion feeding strategy similar to that of whales (Alexan-
der, 2000; Bloodworth and Marshall, 2005; Heyning
and Mead, 1996); i.e., to obtain strong suction power,
seals gape the mandible so rapidly that the prey is drawn
into the mouth; and (2) seals do not shake their heads as
rapidly as jaw movements, and do not shake their heads
abruptly or randomly, as they must locate their prey ex-
actly to feed successfully.
The results of our preliminary experiment under cap-
tive conditions, designed to test the feasibility of the
measurement of mandibular movements using an accel-
erometer on a harbor seal, revealed that the seal did not
reject the accelerometer for at least 7 days, and that
110 Y. Naito / Polar Science 1 (2007) 101e111a mandibular accelerometer is able to detect feeding
events without the need for additional data from
a head accelerometer.
If just a single sensor on the mandible is employed,
the size and life-span of the acceleration data logger be-
comes the key determinant of the method. The smallest
accelerometer currently used in behavior studies of ma-
rine animals is the size of a tube of lipstick (50 mm in
length and 15 mm in diameter), and operates for
2.5 days at a sampling rate of 32 Hz by two axis sensors.
Given that facial nerves are distributed in the mandible,
the logger should be as small as possible; further efforts
are required to miniaturize the accelerometer and en-
hance the reliability of the method.
The simultaneous study of seal feeding kinematics
and the effect of logger deployment on the mandible
is indispensable in this field of research. Given that
this method does not use cables or radio transmitters,
it may prove to be readily applied in field studies and
provide additional information on underwater foraging
behavior.
As described above, the enormous effort undertaken
by many researchers has led to the collection of a signif-
icant amount of information on feeding events and im-
proved knowledge regarding the way in which marine
endotherms feed underwater when diving. Despite these
advances, we still require further effort to improve the
reliability of the devices and methods described in
this study if we are to further understand the underwater
foraging of endotherms.
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